Tunable magnetization damping in transition metal ternary alloys 
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We show that magnetization damping in Permalloy, Ni8oFe20 ("Py"), can be enhanced sufficiently 
to reduce post-switching magnetization precession to an acceptable level by alloying with the tran- 
sition metal osmium (Os) . The damping increases monotonically upon raising the Os-concentration 
in Py, at least up to 9% of Os. Other efltects of alloying with Os are suppression of magnetization 
and enhancement of in-plane anisotropy. Magnetization damping also increases significantly upon 
alloying with the five other transition metals included in this study (4d-elements: Nb, Ru, Rh; 
5d-elements: Ta, Pt) but never as strongly as with Os. 



Magnetic Tunnel Junctions (MTJ) are presently under 
intense development for use in magnetic random access 
memory (MRAM)^'^. In a slightly modified configuration 
from the MRAM they can be made extremely sensitive 
to changes in magnetic field^"'*. Such microscopic mag- 
netic field sensors are employed in magnetic recording 
read heads, readily resolving magnetic bits smaller than 
0.1 /im. Alternatively MTJ sensors can be scanned along 
surfaces making a magnetic microscope with great spatial 
resolution^. The functionality of these devices is based 
on a change in resistance of the MTJ in response to a 
change in relative magnetic orientation of a "free layer" 
with respect to a magnetically "pinned layer" . These 
layers are separated (and exchange decoupled) by an in- 
sulating oxide tunnel barrier. Essential to the high-speed 
functionality of these devices is the swift response of the 
free layer to the applied field. It must switch between 
equilibrium positions defined by the magnetic field con- 
ditions, with minimal "unnecessary" magnetization mo- 
tion. Excessive magnetization precession during the de- 
vice's relaxation toward equilibrium can cause serious de- 
lays. In the MRAM case the unwanted precession shows 
up as oscillations in the resistance after switching has 
taken place, often referred to as magnetic "ringing"^. In 
some cases this even leads to uncertainty of the final state 
of the device for a given applied field. 

An example of these adverse affects of magnetization 
precession is displayed in Fig. ^ measured on a hexago- 
nally shaped MRAM cell with in-plane extremal dimen- 
sions of 0.28 /xm and 0.84 ^m. The MRAM has two 
[ equilibrium positions, with parallel (low resistance) and 
antiparallel magnetization (high resistance). The figure 
I displays a critical switching curve, extracted from two 
experiments, one switching the MRAM from parallel to 
antiparallel configuration (going from right to left in the 
figure, determining the left boundary of the green area, 
where the free layer is reversed) , and the other switching 
from antiparallel to parallel (left to right, resolving the 
right boundary of the green area) . In both experiments 
the initial state is indicated by a green color, regardless 
of whether the configuration is parallel or antiparallel. 
The resistance scale depicts resistance relative to the ini- 



tial state. The switching was carried out with magnetic 
field pulses of varying strength, 4 ns in duration with 
the rise of the easy-axis pulse delayed by 2 ns with re- 
spect to the rising edge of the hard-axis pulse. These ex- 
periments correspond to measuring the Stoner-Wolfarth 
astroid by applying short magnetic field pulses. Two fea- 
tures in particular set the critical switching curves mea- 
sured with short field pulses apart from those measured 
with slowly varying fields. First are the wide openings at 
the top and bottom around zero easy-axis field. Second 
are the individual unsuccessful switching attempts where 
the MRAM refused to switch even though the applied 
fields lie far beyond the continuous part of the curve. We 
refer to these anomalous events as "freckles" . Freckles are 
stochastic in the sense that they are not entirely repro- 
ducible, but do appear in the same general area of two di- 
mensional field space. They disappear upon lengthening 
the field pulses, but appear for different combinations of 
nanosecond scale pulse lengths with different delay times 
between hard- and easy-axis pulses. They are believed 
to be caused by precession of the magnetic moment after 
the free layer magnetization has been switched. If the 
precession amplitude is large a small perturbation can 
force the MRAM from the switched state back to the 
original state. 

Efforts to reduce post-switching precession in thin films 
suitable for MRAM elements include shaping of the mag- 
netic field pulses employed to switch the devices and us- 
ing so-called precessional switchingSiSiifi. In precessional 
switching a perpendicular field pulse is applied to the 
magnetic layer and the natural precession of the material 
is used to aid the switching. These methods have allowed 
"ringing-free" switching at speeds an order of magnitude 
faster than the time constant of natural damping in the 
material. For obvious reasons these developments do not 
help in sensor applications, in which case one seldom has 
much control over the field being sensed, neither its mag- 
nitude nor direction. 

An alternative approach in contending undesirable 
magnetic precession is to increase the magnetization 
damping in the material. This helps the magnetic mo- 
ment reach equilibrium sooner, thus reducing the risk 
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easy! 



FIG. 1: Ingvarsson et ai: Critical switching curve for a 
hexagon-shaped MRAM cell with dimensions 0.28 fim by 
0.84 nm. The initial state is indicated by a green color, re- 
gardless of whether the configuration is parallel or antiparal- 
lel. The resistance scale depicts resistance relative to the ini- 
tial state. Thus going from right to left (left to right) in the 
figure the resistance increases (decreases) as the configuration 
switches at the left (right) green boundary. The switching was 
carried out with magnetic field pulses of varying strength, 4 ns 
in duration with the rise of the easy-axis pulse delayed by 2 ns 
with respect to the rising edge of the hard-axis pulse. 



of thermal excitation to a different equilibrium position. 
Increased damping can be achieved either by modify- 
ing the bulk of the material (e.g. by alloying^ ion 
irradiation^^, or ion implantation), or in the case of thin 
enough films by modifying their surface (e.g. by intro- 
ducing certain materials on the surface or by increasing 
the surface roughnessi^ii^) . 

We took the latter approach, i.e. to increase damping, 
and present results on the effect of alloying Permalloy, 
NigoFe2o ("Py") with six different 4d and 5d transition 
metals (4d: Nb, Ru, Rh; 5d: Ta, Os, Pt) keeping the Ni 
to Fe ratio fixed. We examined the effects these have on 
the static and dynamic magnetic properties of the mate- 
rials. Thus we hoped to find a way to increase damping 
in a manner that appears should lend itself to a greater 
variety of applications than surface treatment does, and 
that is generally effective for a wide range of film thick- 
ness (or sample size). 

We deposited thin films (50 nm thick) of the ternary 
alloys by dc-magnetron sputtering from ready-made tar- 
gets with the desired composition. The diluent concen- 
tration in the sputter targets was 6%, except for Pt 10% 
and Rh 5%. The alloy was deposited on top of a buffer 
layer of 4 nm of Ta sitting on thermally oxidized Si- 
substrates. Ta buffer layers are known to promote small 
grains and (111) texture in Py^'^. Finally, for protection 
we used a capping layer of 4 nm thick Ta. Rutherford 
backscattering measurements on our 6% Os sample con- 
firmed its composition to within 0.5%. Depositions were 
carried out with an applied magnetic field in the plane 
of the films, to encourage easy axis growth. Static mag- 



netic properties, i.e. coercive field, in-plane-anisotropy- 
field, and magnetization were measured with a vibrating 
sample magnetometer (VSM) . The magnetization damp- 
ing properties where extracted from results of a ferro- 
magnetic resonance measurement by assuming a Gilbert 
damping term in the Landau-Lifshitz equation, 

— = -,Mx/fe« + ^Mx— , (1) 

and fitting the complex-valued susceptibility reso- 
nance to extract a, the dimensionless Gilbert damping 
coefficienl!i^'i&. Here M is magnetization, 7 = g |e| /2mc 
is the gyromagnetic ratio and Hcs is the effective mag- 
netic field seen by the magnetization, expressed in terms 
of the free energy as HcS — —^M.^- 

When magnetization damping increases, i.e. a in- 
creases in Eq. ([^I, the ferromagnetic resonance broad- 
ens and decreases in amplitude as is the case in Fig. |5] 
The top panel shows the real and imaginary parts of the 
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FIG. 2: Ingvarsson et al.: Results from a ferromagnetic reso- 
nance measurement on pure Py (top panel), and an alloy of 
94% Py and 6% Os (bottom panel). Each panel displays ex- 
perimental data for both the real (circles) and the imaginary 
(triangles) part of the in-plane magnetic susceptibility to an 
ac-field perpendicular to the easy-axis direction with a 90 Oe 
dc-field applied along the easy axis. Also shown as solid lines, 
are fits to the data, from which the Gilbert damping (q) is 
obtained. 

complex- valued susceptibility of pure Py around its res- 
onance frequency. The bottom panel displays the cor- 
responding data for Py containing 6% of Os (osmium). 
The effect of adding Os was so dramatic that the ver- 
tical scale in the bottom panel has been blown up and 
spans only a third of the scale in the top panel. These 
data correspond to more than a sixfold increase in a or 
a = 0.050. The horizontal shift in the resonance towards 
lower frequency is caused primarily by a decrease in mag- 
netization upon adding Os. The magnetization was mea- 
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sured separately by VSM and included in the fitting pro- 
cedure. The level of damping obtained goes a long way 
towards eliminating unwanted magnetization precession. 
However, in order to convince ourselves that adding Os 
to Py allows sufhcient tunability of the damping we made 
addition samples with Os-concentrations of 3% and 9%, 
respectively. In Fig.Othe resulting Gilbert damping (left 
axis, dots) and magnetization values (right axis, trian- 
gles) are presented. The Gilbert damping increases and 
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FIG. 3: Ingvarsson et ai: The effect of Os-concentration on 
both Gilbert damping a (left axis, dots), and magnetization 
M (right axis, filled triangles). The lines are guides to the 
eye. 

the magnetization decreases, respectively, with increas- 
ing Os-concentration. The value of a at 9% Os is 0.092. 
This corresponds to more than a 12-fold increase com- 
pared with pure Py. Raising a any further than this is 
likely to result in an overdamped system and an unnec- 
essary slowing down in its dynamic response. In other 
words, adjustment of the amount of Os in Py within the 
range shown should provide sufficient tunability of the 
magnetization damping to minimize post-switching mag- 
netization precession. 

Although some of the other alloys exhibit significant 
enhancements in a over the value for pure Py, none 
are comparable with the Py-Os system. Results for all 
the alloys are displayed in Table ^ Results of VSM- 
measurements to determine static magnetic properties 
such as magnetization, in-plane-anisotropy- field (-fffc), 
and coercivity (He) are also included. Note that the 
VSM-measurements were made on macroscopic films (i.e. 
unpatterned). Therefore there is effectively no shape- 
anisotropy in the plane of the film, and the in-plane 
anisotropy is a measure of average crystalline anisotropy. 
All the samples have a uniaxial magnetic anisotropy and 
nice rectangular easy-axis hysteresis loops, some of which 
are displayed in Fig. ^ From our data there does not ap- 
pear to be any correlation between the static magnetic 
properties and a. It seems that Rh and in particular Pt 
are very "polarizable" in the sense that their addition to 
Py does not drop the magnetization as much as the other 



TABLE L Summary of results of Gilbert damping (a) and 
static magnetic properties for alloys of Pyi^ajXi,, where Py is 
Ni8oFe20 and X is a 4d or 5d transition metal. 

X a {xlQ-') X (%)" M (^) Hk (Oe) (Oe) 
Pure Permalloy (Ni8oFe2o) 
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5d transition metal elements 




Ta 
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Os 


50 


6 


462 


4.6 
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Pt 
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3.0 


4.0 



"This is tlie concentration in the sputter target. We did a com- 
position study on the Os-sample, using Rutherford backscattering, 
and found that the composition of the film was the same as the 
target composition to within 0.5 %. 



10% Pt 




H (Oe) 

FIG. 4: Ingvarsson et al.: Hysteresis loops for Py containing 
10% Pt, 6% Os, and 6% Ta, respectively. H is the magnetic 
field applied parallel to the easy axis. The magnetization is 
normalized to the saturation magnetization of pure Py. 



elements do. The anisotropy is enhanced by Os but it is 
unclear how this should increase a. 

Obviously each of the properties listed in TableQlcan be 
extremely important in practical applications. If we con- 
sider in particular the MRAM application, a decrease in 
magnetization associated with alloying Py with a third 
element may be beneficial. This would reduce dipolar 
coupling between non-adjacent layers in the stack of lay- 
ers needed to ensure proper functionality. The larger the 
crystalline anisotropy the better, as this increases ther- 
mal stability of memory bits. Also a low coercive field is 
desirable, as coercivity tends to increase as bits are made 
smaller and heat generation caused by large switching 
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currents (to generate large switching fields) is of great 
concern. All the above considerations seem to favor the 
addition of e.g. Os. However, a most pressing question 
regarding the use of any of the alloys studied in MRAM 
elements is: What effect does the alloying have on the 
spin polarization? Although the levels of spin polariza- 
tion achieved to date are much larger than needed for 
MRAM to function well, a significant reduction in po- 
larization may cause problems!. Therefore it is of sub- 
stantial interest to study the spin polarization in these 
materials. 



In summary we have discovered that alloying Permal- 
loy with certain transition metal elements can enhance 
Gilbert damping significantly. This should help reduce, 
or even eliminate, superfluous magnetization precession 
that can adversely affect or hinder many magnetoelec- 
tronic applications. 

The authors would like to thank K. Pope for the 
Rutherford backscattering analysis, W. J. Gallagher, 
T. M. McGuire, and P. L. Trouilloud for many helpful 
discussions. 
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